We present here an ultrasensitive electrochemical biosensor based on a lectin biorecognition capable to detect concentrations of glycoproteins down to attomolar (aM) level by investigation of changes in the charge transfer resistance (Rct) using electrochemical impedance spectroscopy (EIS). On polycrystalline gold modified by an aminoalkanethiol linker layer, gold nanoparticles were attached. A Sambucus nigra agglutinin was covalently immobilised on a mixed self-assembled monolayer formed on gold nanoparticles and finally, the biosensor surface was blocked by poly(vinylalcohol). The lectin biosensor was applied for detection of sialic acid containing glycoproteins fetuin and asialofetuin.
Introduction
Glycomics is becoming more and more influential member of an "omics" family since glycosylation is the most frequent posttranslational modification of proteins and glycans (saccharides attached to proteins) are actively involved in many physiological and pathological processes [1] . Glycans are better equipped to be an information coding tool compared to DNA and proteins simply because glycans are information rich molecules, i.e. theoretical number of all possible hexamers (consisting of 6 building units) for glycans (1.44x10 15 ) is few orders of magnitude larger compared to peptides (6.4 x10 6 ) or DNA (4,096) [2] . The size of the cellular glycome is estimated to be in excess of 100,000-500,000 glycan modified biomolecules with a number of unique glycans to be 3,000-7,000 [3] and this variability can explain human complexity in light of a paradoxically small genome. A pace of advances in the field of glycomics is reduced due to an enormous complexicity of glycans on one side with similar physicochemical properties of glycans on the other side [4] , but new high throughput methods have a potential to speed up the process of glycan analysis [5] . The main analytical tools of focus in glycomics include wide range of chromatographic techniques, mass spectrometry, capillary electrophoresis and especially lectin microarray technique.
A microarray technique relying on lectins, which are natural glycan recognising proteins, has a clear advantage over other modern analytical tools applied in glycomics, i.e. glycans do not need to be released from a biomolecule and thus in-situ glycan analysis is possible. Lectin microarrays have been very effective in revealing an active role of glycans in many processes and at present are considered as a standard analytical tool in glycomics [5, 6] . However, a typical lectin microarray experiment involves a fluorescent dye being coupled either to lectin or to the glycan/sample for generation of an analytical signal. This requirement for having a label can cause unwanted variability in labelling and biorecognition [6] and thus other formats of analysis working in a label-free mode of detection should be utilised.
Bertók T., Sediva A., Katrlik J., Gemeiner P., Mikula M., Nosko M., Tkáč J.; Talanta 108 (2013), pp. Electrochemistry is a very powerful analytical platform with an array of different detection principles and some of them allow to work without any label in a label-free mode of operation [7, 8] .
Electrochemical impedance spectroscopy (EIS) is quite frequently applied in construction of label-free biosensors due to very sensitive analysis and a simpler set-up compared to field-effect sensing [7] . EIS is based on an electric perturbation of a thin layer on the conductive surface by a small alternating current amplitude and can provide interfacial characteristics such as impedance, resistance and capacitance utilisable in sensing by employment of an equivalent circuit for data evaluation [9] . EIS results are typically transformed into a Nyquist plot, which can provide information about charge transfer resistance Rct in a direct way. After a biorecognition event, Rct increases due to presence of additional layer and thus a subtle change in Rct can be used for detection [10] . Subsequently, EIS allows complex biorecognition events to be probed in a simple, sensitive and label-free manner and EIS is being increasingly popular for development of electrochemical lectin-based biosensors for glycan determination.
EIS is very often combined with formation of self-assembled monolayers (SAMs) allowing to precisely tune interfacial properties such as capacitance and resistance of the interface and/or to control density of ligands at nanoscale subsequently applied in an immobilisation process [11] . Moreover, once SAM is formed it can be employed as a linker to deposit gold nanoparticles on the surface to enhance loading of biorecognition elements and their accessibility, as well [12] . Gold nanoparticles (AuNPs) are of a great attention both from a fundamental [13] and an application-driven perspective [14] .
More specifically, AuNPs due to large surface area, intense visible light scattering/absorption, large electron density, low background concentrations and catalytic properties have been employed as cargos able to penetrate cell membrane [15] , efficient catalysts [16] , image contrast agents [17] and most extensively as parts in biosensors or in bioanalytical devices [18] with electrochemical detection platform as the most dominant one [19] .
Electrochemical detection of various analytes provides a highly sensitive tool in comparison with other detection platforms in the area of biosensing with detection limits down to attomolar level (aM) for DNA [20] , proteins [21] , or even low-molecular weight analytes such as pesticides [22] . In this study, we focused on development of a highly sensitive biosensor device by immobilisation of a lectin SNA I recognising sialic acid on an AuNP layer with integration of such an interface with a label-free format of assays based on EIS. Sialic acids have a prominent role in many pathological processes such as chronic inflammation, HIV, influenza infection, malaria and cancer [1, 23] and thus in-situ detection of sialic acid on biomolecules is of special interest in glycomics. This is the first paper showing detection limit for glycoprotein determination down to 1 aM level and when we used the same calculations as in a previous paper [24] , we were able to detect 40 yoctomoles (i.e. 1.10 -18 mol l -1 x 40.10 -6 l) of a glycoprotein, i.e. lower amount than previously claimed for a protein (200 yoctomoles) [24] .
Although the biosensor was designed to detect sialic acid in this study, the same immobilisation protocol can be applied for immobilisation of any other lectin, what is an essential feature for integration of this patterning protocol into an array/biochip format of analysis. Ethanol for UV/VIS spectroscopy (ultra pure) was purchased from Slavus (Slovakia). Zeba TM spin desalting columns (40k MWCO) for protein purification were purchased from Thermo Scientific (UK). All buffer components were dissolved in deionised water (DW).


Materials and Methods
Chemicals
Electrode cleaning and SAM formation
Planar polycrystalline gold electrodes with a diameter of 1.6 mm (Bioanalytical systems, USA) were cleaned as previously described [25] . Firstly, a reductive desorption of previously bound thiols was employed with a potentiostat Autolab PGSTAT 128N (Ecochemie, Netherlands) in a cell with Ag/AgCl reference and a counter Pt electrode (both from Bioanalytical systems, USA) by applying a cyclic potential scanning from -1,500 mV to -500 mV in 100 mM NaOH In the initial phase the solution was slowly aspirated from the electrode surface without touching the surface and dispensed back slowly to the electrode. The whole procedure was repeated several times within a timeframe of 1 min and the same procedure was applied during glycoprotein incubation, as well. In order to block non-specific interactions with the biosensor, 5% PVA in DW was incubated with the electrode surface for 30 min. The PVA solution was freshly prepared just before the surface blocking by dilution of the PVA in DW having approx. 80 °C, the solution was well mixed and cooled down to laboratory temperature before being applied to the electrode surface.
All these steps are schematically shown in Scheme 1. employed for data fitting.
Scheme 1: A graphical representation of all steps applied during biosensor construction and application (from left to right): formation of a linker layer (NH2-terminated alkanethiol-AT) on a gold
SPR measurements
For the SPR measurements, a gold chip (12x12x0.3 mm, Litcon, Sweden) was used. The chip was modified with HS-(CH2)11-NH2 and Bertók T., Sediva A., Katrlik J., Gemeiner P., Mikula M., Nosko M., Tkáč J.; Talanta 
Lectin microarray assays
Lectin microarray experiments were run with PBS as a printing buffer, PBST as a washing buffer and PBST containing 1 M ethanolamine applied as a blocking buffer. Shortly, five different concentrations of three different glycoproteins (FET, ASF and oxASF)
were spotted using SpotBot3 Microarray Protein edition (Arrayit, USA)
on an epoxide coated slides Nexterion E (Schott, Germany) using a previously optimised protocol. Spotting temperature was set to 10 °C and humidity to 50 %. Subsequently, the slide was placed in the humidity chamber for 1 h at the room temperature with humidity of 80 %, blocked using a blocking buffer at room temperature for 1 h and with slow shaking, rinsed under a gentle stream of a printing buffer in a Petri dish, and drained to remove excess of a buffer. Then, 70 µl of 67 nM biotinylated SNA I lectin in a binding buffer was applied to the slide surface and incubated for 1 h. After the lectin incubation, the slide was incubated with the CF555-streptavidin solution (5 µg ml -1 in a binding buffer) for 15 min. After the washing procedure was completed, the slide was scanned using InnoScan710 scanner 

Results and discussion
Electrochemical characterisation of a 2-D array of AuNPs
Three different aminoalkanethiols (HS-(CH2)2-NH2, HS-(CH2)6-NH2 and HS-(CH2)11-NH2) and one dithiol (HS-(CH2)8-SH) were deposited on a polycrystalline gold surface as a linker layer for subsequent AuNPs adsorption. EIS was applied to get a basic characteristic of the interface -charge transfer resistance Rct, which was consistently higher for a aminoalkanethiol layer, when comparing to the Rct of an aminoalkanethiol layer with deposited AuNPs (Fig. 1 ).
Although this behaviour might be surprising, it is in a good agreement with observations done by Gooding [12] . nm nanoparticles on the entire surface (Fig. 2) .
Fig. 2: SEM images of 20 nm AuNPs on the modified surface at magnification of 20,000x (on left) and 100,000x (on right). The gold chip surface was firstly modified by HS-(CH2)11-NH2 and only then
AuNPs were deposited to form a 2-D array.
SEM images at higher magnifications were utilised in calculation of a surface coverage with a value of (0.073 ± 0.006) pmol cm 
Quantification of the amount of immobilised lectin
In order to quantify the amount of lectin immobilised on the surface patterned by a 2-D array of 20 nm AuNPs, SPR experiment able to provide such information has been carried out [28, 29] . The experiment shown in Fig. S3 revealed successful formation of a mixed A typical response of the biosensor towards two analytes FET and ASF in a low aM concentration range is shown in Fig. 4 . In order to prove a response towards these two analytes is specific, a control experiment with oxidised ASF (OxASF) not having recognisable sialic acid was performed and the calibration curve of the biosensor for these three glycoproteins is shown in Fig. 5 . The biosensor responded to FET with sensitivity (i.e. a slope in a linear range of the biosensor) of (338 ± 11) Ω decade -1 , to ASF with a sensitivity of (109 ± 10) Ω decade -1 and to
OxASF with a sensitivity of (79 ± 13) Ω decade -1
. When a non-specific signal sensitivity provided by incubation with OxASF was subtracted from the biosensor sensitivity to FET, a specific response of the biosensor for this analyte was (259 ± 17) Ω decade -1 . In the same way a specific sensitivity of the biosensor for ASF was calculated to be (30 ± 16) Ω decade -1 . Thus, we can conclude the biosensor not only detects its analytes down to aM level, but is able to provide information about the amount of glycan determinants present on a particular glycoprotein.
When S/N=3 ratio was taken into account, a detection limit of the biosensor towards FET was (0.5 ± 0.1) aM and towards ASF of (0.8 ± 0.3) aM.
The biosensor performance to detect three glycoproteins with different level of sialic acid present was validated by a lectin array, which is a current state-of-the-art tool for profiling of glycans on glycoproteins (Fig. S4) . Quantification of the intensity of spots confirmed the highest response towards 1000 nM FET, followed by 100 nM FET, 1000 nM ASF and 1000 nM OxASF (Fig. 6) . analysis of glycans by lectin array are in the range pM-nM [6, 30] .
Thus, the presented lectin biosensor was successfully validated offering detection limit 10 6 -10 9 times lower compared to lectin microarrays, while offering a label-free mode of operation. 
Comparison to other glycan/glycoprotein detecting tools
Glycoproteins can be detected with instrumental tools such as HPLC and capillary electrophoresis coupled with mass spectrometry or using a battery of bioanalytical tools based on integration of lectins for a glycoprotein biorecognition. Combination of capillary electrophoresis with mass spectrometry offered detection limit of 1.8 µM [31] . Liquid chromatography combined with tandem mass spectrometry provided detection limit for serum glycoproteins down to 200 pM level offering linear range within 3 orders of magnitude, but a quite complex and time-consuming sample pre-treatment was needed [32] .
Integration of lectins with analytical instrumentation has attractive features such as short time of analysis and a simple sample pretreatment [33] . Typical detection limits for SPR are down to nM level [34] , for SPR imaging (an array format of analysis) down to 20 nM [35] , for enzyme-linked lectin assays down to low nM or sub nM level [36] , for QCM down to µM or nM level [37] and for reflectometric interference spectroscopy down to 100 nM level [38] .
Electrochemical detection platform in combination with immobilised lectins offered lower detection limits when compared to other detection platforms mentioned above. Two glycoproteins labelled with quantum dots were electrochemically detected with a detection limit down to 34 nM or 3 pM [39] and a biosensor integrated with concanavalin A labelled with daunomycin detected glycoprotein down to 100 pM [40] with utilisable concentration range spanning 2-3 orders of magnitude. EIS-based electrochemical detection platform offered detection limit down to 20 fM [41] or 150 fM for two glycoproteins using two immobilised lectins [42] or down to low nM range for ovalbumin with a concanavalin A integrated biosensor [43] . In our recent study we constructed a lectin biosensor integrated with EIS detection scheme offering a detection limit down to 0.3 fM for a glycoprotein [44] . Thus, the biosensor device presented here offered the lowest detection limit for any lectin-based bioanalytical device or any analytical instrumentation for analysis of glycoproteins published so far. Moreover, the constructed biosensor device offered 4-9 orders of -activated ester by EDC/NHS and 3 -an immobilised SNA I lectin layer. The experiment was performed as follows: a -injection of a mixture of MUA and MH in ethanol, b -injection of pure ethanol to remove unbound MUA(MH mixture, c -before a mixture of EDC/NHS was injected over the surface of a SPR chip, the whole SPR system was washed by a running buffer, d -injection of a plain buffer to remove un-reacted EDC/NHS, e -injection of SNA I lectin and f -injection of a plain running buffer to remove unbound lectin.
Fig. S4:
Lectin array with SNA I immobilised covalently on epoxide coated glass slides. The microarray was subsequently incubated with (from top to bottom): 100 nM fetuin (FET, a grey frame), 1000 nM fetuin (FET, a grey frame), 1000 nM fetuin (FET, a grey frame), 1000 nM asialofetuin (ASF, a green frame), 1000 nM oxidised asialofetuin (OxASF, a blue frame) and a printing buffer (an orange frame).
